INTRODUCTION
Colorectal cancer remains one of the leading causes of cancer death in the Western world (1) . Because of the specific anatomy and biology of low rectal cancer, surgical resection alone historically has been associated with a high incidence of locally recurrent disease. Neoadjuvant combined modality treatment has been shown to decrease local recurrence rates even with the use of optimal surgical technique (total mesorectal excision) (2, 3) . Potential disadvantages of neoadjuvant chemoradiation include overtreatment of overstaged disease, treatment-related toxicity, and long-term effects on sphincter function (4) . There is therefore a need for noninvasive imaging techniques that allow clinicians to predict and monitor tumor response to neoadjuvant therapy.
Magnetic resonance imaging (MRI) recently has evolved as one of the most promising imaging modalities in the diagnosis and staging of rectal cancer (5) . Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) using paramagnetic contrast agent administration allows one to analyze tumor specific enhancement patterns that are governed by physiologic properties such as microvascular flow, endothelial permeability, and size of the extracellular extravascular space (EES) (6) . Quantitative analysis of the enhancement signal using a pharmacokinetic model can gen-erate estimates for parameters such as the endothelial transfer coefficient K trans (7) . The MRI contrast agents in clinical use have a low (Ͻ1 kD) molecular weight and diffuse readily across the endothelial barrier of both normal and neoplastic tissues and therefore are much less suited to characterize hyperpermeable neoplastic vessels (8) . Macromolecular weight contrast media take advantage of the selective hyperpermeability of neoplastic vessels to macromolecules and have been used successfully to monitor angiogenesis and the effects of antiangiogenesis agents in preclinical studies (9) . For macromolecular agents, microvascular leakage determined by K trans is relatively flow independent and therefore estimation of leakage changes as a surrogate marker of angiogenesis is possible without exact measurement of capillary flow (10) .
We studied the changes in neovascular leakage of an experimental colorectal cancer during fractionated radiotherapy (RT) using DCE-MRI with P792, a new macromolecular MRI contrast agent (CA) evaluated in phase II clinical trials. Noninvasive imaging was compared with invasive tissue pO 2 measurement, microvessel counts, vascular endothelial growth factor (VEGF) expression, and pimonidazole hypoxia staining.
METHODS AND MATERIALS
The experimental protocol was reviewed and approved by the Animal Ethical Committee of the Ghent University, Belgium.
Animals and tumor model
A group of 11 male Wag/Rij rats (Harlan, Horst, The Netherlands) was studied longitudinally with DCE-MRI and invasive oxygenation measurements performed both before and 5 days after completion of RT. For histology and immunohistochemistry, this group was compared with nine untreated control rats bearing tumors of similar size. The CC531 cell line is a 1,2-dimethylhydrazine-induced, moderately differentiated, and weakly immunogenic colon adenocarcinoma, syngeneic with WAG/Rij rats. This cell line is well studied and has been proven to provide a tumorhost model similar to human colorectal carcinogenesis (11) . Cells were grown as a stationary cell line in plastic culture flasks in RPMI 1640 medium, buffered with HEPES (20 mM) (Invitrogen Corporation, Gibco, Ghent, Belgium) additionally supplemented with 10% fetal calf serum, 4 mM L-glutamine, 50 U/mL penicillin, and 50 g/mL streptomycin at 37°C in a humidified atmosphere with 5% CO 2 in the air. The cells were transferred at 95% confluency. Two million cells suspended in 0.2 mL were injected subcutaneously in the upper hind leg. Tumors reached a size of 0.5-1 cm after a period of 4 weeks. After tumor growth of minimally 8 mm diameter was observed, a jugular vein catheter was inserted and tunneled to the interscapular region. To maintain catheter delivery function between the first and second MRI, continuous infusion at 0.5 mL saline/h was administered with a cage-mounted swivel and flexible metal tether system (Uno BV, Didam, The Netherlands), allowing the animal full mobility. To enable histologic assessment, animals were sacrificed by anesthetic overdose after the last in vivo measurements.
Radiotherapy
Rats were not sedated and the tumor-bearing hind leg was immobilized using a Plexiglas holder, as described previously (12, 13).
Briefly, rats were placed in a purpose-built Plexiglas holder in prone position. The hind legs were pulled through an opening in the holder and immobilized with strings. Before each fraction, a radiation field was simulated encompassing the tumor with a margin of 1.5 cm. The photon irradiation was performed with a 5 MV linear accelerator (Elekta, Crawley, UK). Five fractions of 5 Gy (total dose, 25 Gy) were delivered on 5 consecutive days. Because the tumors were inoculated subcutaneously, they were covered with tissue-equivalent silicone bolus of 1 cm to prevent the buildup effect under the skin. One single direct field at a fixed source-skin distance of 100 cm was used. The dose was calculated to the midpoint of the tumors according to their volume in each individual animal, as obtained during simulation. DCE-MRI and oxygenation measurements were performed before and 5 days after the completion of RT.
MRI
T 1 weighted DCE-MRI was performed on a clinical Siemens Magnetom Symphony 1.5 Tesla scanner (Siemens AG, Erlangen, Germany). Animals were sedated with 0.2-0.4 mL of medetomidine (Domitor, Novartis Animal Health, Basel, Switzerland). Imaging comprised a single axial slice that was positioned through both upper limbs and the center of the tumor. Before the contrast series, T 1 zero time maps were constructed from two spin echo sequences with different repetition times (repetition time, 1000 ms and 318 ms, respectively). Details of this sequence were as follows: slice thickness 3 mm, field of view 140 ϫ 88, matrix size 256 ϫ 160, echo time 20 ms, and flip angle 90°. Dynamic imaging was performed with a four-antenna wrist coil (diameter, 10 cm) using an IR-TurboFLASH sequence. Details of the pulse sequence were as follows: temporal resolution 1. 
Analysis of MR images
Postprocessing was performed using the research mode of a commercially available software tool (MIStar, Apollo Medical Imaging, Melbourne, Australia).
The maximum cross sectional area (in cm 2 ) of each tumor was recorded before and after RT.
Both a qualitative description of the tissue enhancement curve and a two-compartment pharmacokinetic approach according to Tofts and Kermode were implemented (7). In each tumor, regions of interest were drawn encompassing the following regions: (1) the entire tumor, (2) the angiogenic tumor rim defined as the outer 2-3 voxel wide circumference, (3) the central necrotic area, and (4) muscle tissue in the contralateral non irradiated hind leg.
In each region, the area under the enhancement curve (AUC) was calculated until 550 s after contrast arrival.
Pharmacokinetic modeling was based on a two-compartment model consisting of a vascular space and an EES fraction that is entered by the CA leaking through the microvascular wall. Derived from a first-order differential equation describing contrast agent flux driven by Fick's law of diffusion, the concentration of CA in the tissue (C t in mM) is described by the following equation:
where K trans (min Ϫ1 ) denotes the endothelial transfer rate, v e the fraction of the interstitial space (dimensionless) entered by the CA, and C p the plasma concentration (in mM). In each tumor both before and after RT, the pixel with the most representative arterial input function was manually selected from the femoral artery of the tumor bearing leg or the opposite leg to provide C p (t). Mean tumor tissue and arterial T 1 zero (before contrast injection) values were calculated from the T 1 zero maps. These data, together with the selected arterial input function, were used as the input for a curve fitting routine resulting in parametric maps of K trans and v e . The influence of inflow effects on leakage measurements was minimized by using a deconvolution method in the model to separate the inflow component from the tissue concentration C t (7) .
Quantitative values for all pixels in the four different regions of interest described above were exported to a spreadsheet for further analysis.
MR contrast medium
Dynamic contrast studies were performed with P792 (Gadomelitol, Vistarem, Guerbet, Roissy, France), a new monogadolinated rapid clearance MRI blood-pool agent that is cleared by renal elimination. The molecular weight of the compound is 6.47 kD, but the mean diameter of P792 is 50.5 Angstrom and the T1 relaxivity of this agent is 29 mM-1s-1 at 60 MHz (14) . Apparent hydrodynamic volume of P792 is 125 times greater than that of Gd-DOTA (gadoterate meglumine, Dotarem); as a result of this high molecular volume, P792 is characterized by a limited diffusion across normal endothelium and is therefore ideally suited to study hyperpermeable neoplastic vessels (14) . Experimentally, P792 has been used to study permeability effects of antiangiogenesis therapy in a prostate cancer model (15) .
Tissue pO 2 measurements
Tissue oxygenation was measured in both the tumor core and periphery with a fiberoptic probe based on fluorescence quenching (OxyLite, Oxford Optronix, Oxford, UK) (16, 17) . A precalibrated fiberoptic probe (diameter, 280 m) was inserted 5 mm deep into the tumor using a Seldinger technique. This involved insertion of a catheter with needle assembly into the tissue; the needle was then withdrawn leaving the catheter in place, through which the probe was inserted in such a way that the probe's tip was exposed to the surrounding tissue. The probe was then withdrawn in 40 steps of 100 m each over a total distance of 4 mm using a micromanipulator (model MN151, Narishige International Ltd, London, UK). After each micromanipulator movement, measurements were started as soon as a stable reading was obtained. Tissue pO 2 was sampled every 2 s. Histograms were constructed based on the pO 2 (expressed in mm Hg) readings over the central 1 mm (core) and outer 1 mm (periphery) trajectory. Both before and after RT, the hypoxic fraction (defined as percentage of pO 2 measurements with a value of Ͻ5 mm Hg) was determined.
Immunohistochemistry
Immunohistochemistry was performed on the experimental group and on nine untreated control rats bearing tumors of similar size. From each tumor, half of the tissue was snap frozen in liquid nitrogen; the other part was fixed in 4% formalin and embedded in paraffin wax in the conventional manner. Microvascular density (MVD) was determined with a method modified after Weidner et al. (18) After incubating 5 m frozen slices with anti-CD31 antibodies (mouse anti rat CD31, clone number TLD-3A12, Serotec, Oxford, UK), the entire tumor section was scanned at low power (objective, 40ϫ) to identify "hot spots," which are the areas of highest neovascularization. Individual microvessels were then counted under higher power (objective, 400ϫ) to obtain a vessel count in a defined area, and the average vessel count in three hot spots was taken as the MVD.
For hypoxia staining, rats were injected with 60 mg/kg intravenous pimonidazole (Hydroxyprobe Kit, Biognost, Heule, Belgium) 30 min before sacrifice. Paraffin-embedded slides were incubated with antipimonidazole antibodies and the resulting cytoplasmic staining was expressed semiquantitatively. Membrane staining was not observed. Immunoassaying was visualized using 3-amino-9-ethylcarbazole (Dako, Glostrup, Denmark).
VEGF expression was assessed after incubating slides with mouse anti-human VEGF C1 monoclonal antibody (sc-7269, Santa Cruz Biotechnology Inc., Santa Cruz, CA). The antibody used reacts with VEGF of mouse, rat, and human origin. Semiquantitative scoring of both pimonidazole staining and VEGF expression was based on a method modified after Coppola et al. (19) , with a scale ranging from 0 to 6. The scale was based on scoring of the fraction of positive cells (0: all cells negative; 1: Ͻ33% positive; 2: 33-66% positive; 3: Ͼ66% positive) and the staining intensity (1: weak; 2: moderate; 3: intense). Both scores were added to a maximum score of 6.
Statistical analysis
Data were analyzed and presented graphically with a statistical software package (S-PLUS 6.1 for Windows, Insightful Corporation, Seattle, WA). Differences in signal enhancement parameters between four tissue regions were evaluated with one-way analysis of variance. Differences in imaging parameters and pO 2 before vs. after RT were assessed with the paired-sample t test or, when data were not normally distributed, with the Wilcoxon signed-rank test. Differences in MVD between RT-treated rats and control rats were analyzed with the unpaired t test, whereas differences in pimonidazole staining score and VEGF expression were analyzed with the Mann-Whitney U test. Correlation analyses between imaging, oxygenation, and histologic data were performed with the Spearman rank order test. Statistical significance was inferred when p Յ 0.05. Data are expressed as mean (95% confidence interval) unless stated otherwise.
RESULTS

Effect of RT on tumor growth
The mean cross-sectional surface area of the tumor did not change significantly during RT: 1.5 (0.9 -2.1) cm 2 before RT and 1.6 (0.8 -2.4) cm 2 after RT (p ϭ 0.9).
Enhancement of neoplastic vs. normal tissue
A similar temporal enhancement pattern was observed in all animals (Fig. 1) confirming selective MRI enhancement of tumor tissue by P792. Before RT, the arterial input Fig. 2 . Cumulative signal intensity and pharmacokinetic parameters before radiotherapy. *Statistically significant compared with normal muscle. AUC ϭ area under the curve. function tended to peak at approximately 100 -120 s. Signal enhancement in neoplastic tissue was characterized by a short initial rapid increase of signal intensity corresponding to the first arterial inflow and initial rapid inwash in the tumor tissue. This 20 -25 s phase was followed in tumor tissue by a slowly rising signal intensity increase, which was most pronounced in the tumor rim. The tumor center displayed a similar slow uptake, although the signal intensity was much lower. Normal muscle, however, did not enhance after the initial fast uptake phase.
Cumulative DCE parameter values before RT are illustrated in Fig. 2 . Mean AUC of signal intensity was significantly different between entire tumor, tumor rim, tumor core, and normal muscle (p Ͻ 0.001 for all comparisons). Both pharmacokinetic parameters were significantly different between the entire tumor, tumor rim, and tumor core (p Ͻ 0.001 for all comparisons), with the highest K trans observed at the tumor rim. No significant differences in pharmacokinetic parameters were seen between the tumor core and normal muscle (p ϭ 0.4 for both K trans and v e ).
Effects of fractionated RT on pharmacokinetic DCE-MRI parameters
The effects of fractionated RT were first evaluated graphically with parametric maps of the tumor (Fig. 3a and 3b) .
Both K trans and v e were significantly lower after RT in all three examined regions of the tumor (Table 1 ). In nonirradiated muscle tissue, on the contrary, no changes were observed in K trans or v e .
Effects of fractionated RT on tumor tissue pO 2
The mean number of pO 2 readings per animal was 839 before RT and 706 after RT. Mean pO 2 values in both tumor regions before and after RT are illustrated in Table 2 and Fig. 4 . Both before and after RT, the tumor core was significantly more hypoxic compared with the tumor rim. Fractionated RT significantly increased mean pO 2 in both tumor core and rim. The hypoxic fraction (pO 2 Ͻ5 mm Hg) in the tumor core was 79.2% before and 61.9% after RT (p ϭ 0.008). In the tumor rim, the hypoxic fraction was 36.6% before RT and 29.9% after RT (p ϭ 0.3).
The histogram of cumulative pO2 readings showed a bimodal distribution in both tumor regions.
Comparison of MVD, pimonidazole staining, and VEGF expression between irradiated and nonirradiated tumor bearing control rats
Expression of VEGF was significantly higher in RT-treated rats in both tumor rim and core. The pimonidazole hypoxia score, however, did not significantly differ between RT-treated and control animals. In the tumor rim, mean MVD was lower in RT-treated animals, but the difference did not reach statistical significance. In the tumor core, MVD was significantly lower compared with the tumor rim, but did not differ between control and RT-treated animals ( Table 3) .
Statistical correlation of DCE-MRI parameters with pO 2 and histologic parameters in the tumor rim after RT
After RT, pO 2 in the tumor rim was inversely related to K trans (r ϭ Ϫ0.57, p ϭ 0.085) and v e (r ϭ Ϫ0.65, p ϭ 0.04) ( Fig. 5) . No correlation, however, was found between pO 2 and signal intensity AUC after RT. Similarly, no significant correlations were found between DCE-MRI parameters and histologic parameters (MVD, VEGF expression, pimonidazole hypoxia score).
DISCUSSION
Tumor vessels display ultrastructural abnormalities including transcellular openings, widened interendothelial junctions, abnormal endothelial cells, and absent basement membrane that increase permeability even for large molecules (20) . In this study, we examined the use of P792, a new macromolecular CA, to measure changes in neovascular leakage induced by fractionated short-term RT. Neovascular leakage is an important physiologic tumor parameter that has been shown to respond quickly and dramatically to antiangiogenesis interventions (21) . Leakage of contrast agent is determined both by endothelial permeability and by the total exchange surface area (proportional to the number of functional vessels). Microvessel counts were performed to differentiate permeability effects of RT from changes in the total surface area. To optimize imaging parameters describing the contrast agent dynamics, a high temporal resolution scanning method was used with contrast administered as a rapid central venous bolus (22) . DCE-MRI was compared with invasive pO 2 mapping. The fluorescence lifetime method we have used to measure pO2 has several advantages over the Eppendorf device, including absence of oxygen consumption and increased accuracy at low oxygen tensions common in neoplastic tissue (23) . We chose to study post-RT effects relatively early to reflect clinical practice, with surgery after short term RT being usually performed within 1 week after the end of therapy.
Our main finding is a significant reduction of K trans after short-term fractionated RT. Although the MVD did not differ significantly between RT-treated and control animals, a trend toward lower MVD in irradiated rats was present. Although the present analysis of a small number of animals does not allow us to draw a definitive conclusion, probably both altered endothelial permeability and a change in total microvascular surface area contribute to the decreased K trans after RT. Expression of VEGF was significantly higher in RT-treated rats compared with control animals. Hypoxia as a trigger of VEGF expression was decreased after RT in this model. However, other radiation-induced activators of VEGF expression such as the mitogen activated protein kinase pathway have been shown to enhance VEGF expression after RT (24) . Overexpression of VEGF after RT has also been clinically demonstrated in rectal cancer patients (25) .
Published experimental data suggest that, depending on the dose and fractionation of RT and the timing of permeability measurement, neovascular permeability can be either increased or decreased (26) . Large, single RT doses disrupt the endothelial lining and cause a short-term increase in endothelial permeability. Smaller or fractionated doses, however, tend to decrease vascular permeability or cause no (30) . They calculated a perfusion index from the shape of the arterial and tumor tissue curves and found this value to be significantly increased up to 2 weeks after the start of chemoradiation. In patients treated with surgery only, Tuncbilek et al. found a significant relation between pretreatment descriptive DCE-MRI parameters and microvessel density, tumor grade, and patient outcome (31) .
We found that the biophysical and imaging properties of P792 allow investigators to selectively study neoplastic vascular physiology and to monitor the effects of RT on tumor microvasculature. Several authors have used P792 to characterize tumor physiology in animal models. Turetschek et al. found no relation between transendothelial permeability estimated with P792 and histologic parameters (microvessel density and tumor grade) in a breast cancer model (32) . In a prostate cancer model, however, P792-based DCE-MRI was successfully used to monitor changes in permeability after anti-VEGF therapy (15) . It is likely, therefore, that successful estimation of neovascular permeability with P792 is highly dependent not only on imaging and image processing methodology, but also on tumor type and grade. A comparison of gadopentetate dimeglumine and P792 to characterize tumor physiology and metastatic ability in a rodent prostatic cancer was published by Fan et al. (33) . They used an empiric mathematical model to fit the observed enhancement curves. In agreement with our findings, uptake of P792 was slow and influenced primarily by capillary leakage, with a strong uptake difference between tumor and normal tissue.
We combined DCE-MRI with invasive pO 2 measurements and found a significant increase in pO 2 in the peripheral region of the tumor that was sampled with a fiberoptic probe. The available evidence concerning the effect of fractionated radiation on tumor oxygenation suggests that either an increase or a decrease in oxygenation can be observed depending on RT dose, fractionation, tumor histology, and timing of pO 2 measurement (34). Increased oxygenation shortly after fractionated radiotherapy has been previously reported and is the net result of changes in both oxygen supply (reduced interstitial pressure, increased flow) and oxygen consumption (decreased cell density) (35) . Our results suggest a bimodal distribution of tumor pO 2 values, a finding previously reported in a prostate cancer model using a noninvasive assay (36) . Oxygenation was sampled over a 4-mm trajectory; the observed bimodal distribution therefore probably represents intralesion heterogeneity with severely hypoxic zones and better oxygenated zones surrounding feeding vessels. Before RT, no relation could be demonstrated between pO 2 measurements and DCE-MRI parameters in the tumor rim. After RT, however, high pO 2 values corresponded with low K trans and v e values, whereas no relation was found with the signal intensity AUC. This finding probably reflects the stabilizing effect of RT on tumor vasculature with a partial return of the physiologic relationship between well-oxygenated tissue and a structurally normal microvessel wall. Moreover, our data support the use of pharmacokinetic modeling of dynamic MRI data to generate parameters which directly reflect physiologic processes in contrast with mere description of the tissue enhancement curve.
In conclusion, the biophysical properties of P792 allow noninvasive measurement of microvascular leakage in a colorectal tumor model. Fractionated RT markedly decreases contrast leakage by altered neovascular permeability. After RT, reoxygenation of tumor tissue corresponds with a lowered transfer constant and leakage space. DCE-MRI could therefore be a tool in noninvasive monitoring of tumor microvascular response to fractionated RT. Future work in this model will combine RT with chemotherapy and targeted therapy.
